Objective: Identification of patient-specific epileptogenic networks is critical to designing successful treatment strategies. Multiple noninvasive methods have been used to characterize epileptogenic networks. However, these methods lack the spatiotemporal resolution to allow precise localization of epileptiform activity. We used intracranial recordings, at much higher spatiotemporal resolution, across a cohort of patients with mesial temporal lobe epilepsy (MTLE) to delineate features common to their epileptogenic networks. We used interictal rather than seizure data because interictal spikes occur more frequently, providing us greater power for analyzing variances in the network. Methods: Intracranial recordings from 10 medically refractory MTLE patients were analyzed. In each patient, hour-long recordings were selected for having frequent interictal discharges and no ictal events. For all possible pairs of electrodes, conditional probability of the occurrence of interictal spikes within a 150-millisecond bin was computed. These probabilities were used to construct a weighted graph between all electrodes, and the node degree was estimated. To assess the relationship of the highly connected regions in this network to the clinically identified seizure network, logistic regression was used to model the regions that were surgically resected using weighted node degree and number of spikes in each channel as factors. Lastly, the conditional spike probability was normalized and averaged across patients to visualize the MTLE network at group level. Results: We generated the first graph of connectivity across a cohort of MTLE patients using interictal activity. The most consistent connections were hippocampus to amygdala, anterior fusiform cortex to hippocampus, and parahippocampal gyrus projections to amygdala. Additionally, the weighted node degree and number of spikes modeled the brain regions identified as seizure networks by clinicians. Significance: Apart from identifying interictal measures that can model patientspecific epileptogenic networks, we also produce a group map of network connectivity from a cohort of MTLE patients.
| INTRODUCTION
The most common drug-resistant epilepsy implicates the mesial temporal lobe structures. The epileptogenic region in mesial temporal lobe epilepsy (MTLE) is known to extend beyond the hippocampus, to a network of cortical and subcortical structures, varying across patients. The identification of patient-specific epileptogenic networks is essential for targeted therapies, including focal ablation, 1, 2 drug delivery, 3 and neuromodulation strategies. 4 Multiple noninvasive methods, including resting state functional magnetic resonance imaging (MRI), scalp electroencephalogram (EEG), positron emission tomography (PET), and diffusion tensor imaging, have been used to characterize epileptogenic networks. [5] [6] [7] [8] [9] These techniques have identified chronic network alterations associated with epilepsy, including impaired functional connectivity between ipsilateral anterior and posterior hippocampus, 10 increased resting state functional connectivity within the medial temporal lobe, 11, 12 and reorganization of limbic, perilimbic, 13, 14 and default mode networks. 15 These widespread findings are highly variable across studies, possibly because they are based on diverse and mostly indirect estimates of electrophysiological activity lacking the spatiotemporal resolution required to characterize dynamic epileptogenic networks. Intracranial recordings possess the requisite spatiotemporal resolution to delineate these networks. However, coverage across brain regions is sparse and nonuniform. Prior studies using intracranial data [16] [17] [18] [19] have focused solely on network analyses around seizure onsets. For example, Bartolomei et al. 18 revealed differences in the propensity for seizure propagation between mesial and lateral temporal lobe structures. Although this strategy provides critical information about seizure initiation mechanisms, it evaluates the network when it has already reached a critical, unstable, preictal stage with inevitable transition to a hypersynchronized state. It provides us limited insight into the architecture of the "resting" seizure network, which has the capacity to occasionally reach instability and is responsible for the myriad cognitive deficits in these patients. 20 , 21 The present study focuses on interictal spikes and their propagation to identify these resting state epilepsy networks using intracranial recordings. Moreover, neuromodulation strategies aiming to modulate the broader epileptogenic networks, instead of solely detecting and terminating seizures, can be designed only after the characterization and validation of interictal networks. We therefore used interictal spikes, a reliable biomarker of epilepsy, whose temporal and spatial features correlate well with those of seizures. [22] [23] [24] The interictal spike region, also termed irritative zone, extends beyond the seizure onset zone but most often includes it. 25 Perhaps, by an extension of Hebbian learning to the pathological state, regions that are coactivated during interictal spikes develop abnormally strong connections, resulting in an epileptogenic network. Therefore, to characterize the epileptogenic regions in a patient, we identified regions that were coactivated during interictal spikes (within 150 milliseconds) and combined such networks across a cohort of MTLE patients to obtain a grouped interictal epileptogenic network. Such a grouped network can help us identify the seizure-susceptible structures for designing future studies to explain these susceptibilities. Our automated method of determining network connectivity efficiently utilizes the copious interictal data and can potentially supplement the standard visual analysis of the EEGs by clinicians, thereby decreasing the dependence of the presurgical evaluation on ictal recordings.
| MATERIALS AND METHODS

| Overview
Intracranial recordings of 1-hour duration each were selected from several days of recordings in 10 medically refractory epilepsy patients, who were diagnosed with MTLE and subsequently underwent surgical therapy. The epoch was selected based on the presence of frequent interictal discharges, but no ictal events. Time traces from each recorded channel in this epoch were binned into 150-millisecond bins. For all possible pairs of electrodes, conditional probability of the occurrence of interictal spikes in a bin was computed (eg, for electrode A-B pair, P[spike A |spike B ] and P[spike B |spike A ] across all time bins). A weighted graph was constructed between all channels with these conditional probabilities as edge weights between a pair of electrodes ( Figure 1 ). The influence of each node in this graph was estimated by weighted node degree. To assess
Key Points
• Interictal measures, weighted node degree and the number of spikes in a channel, model the resected regions identified by clinical criteria
• An MTLE network was obtained from interictal activity in a cohort of 10 patients
• This network shows strong connections between temporal lobe structures, mainly hippocampus, amygdala, parahippocampus, and fusiform gyrus
• The most consistent connections are hippocampal projections to amygdala, parahippocampal gyrus to amygdala, and anterior fusiform cortex projections to the hippocampus the relationship between highly connected regions in this interictal spike network and clinically identified seizure onset zones, a logistic regression was used to model the surgically resected channels using weighted node degree and number of spikes in each channel as independent factors. Then, to visualize a network of epileptogenic regions at a group level, conditional probabilities were estimated for pairs of regions, normalized within each patient and averaged across patients ( Figure 1 ).
| Population
MTLE patients (n = 10) with continuous intracranial recordings who eventually underwent resection surgeries and exhibited interictal spikes in multiple regions simultaneously were selected. Intracranial recordings were only obtained in patients when the seizure onset zone could not be conclusively clinically determined from the semiology, MRI, PET imaging, Wada test, and scalp EEG recordings, either if these were not sufficiently localizing or if they were discordant with each other. The findings from these noninvasive methods (semiology, MRI, PET, scalp EEG) and details of the patients (age, surgery outcome) are summarized in Table 1 . Importantly, in all of these cases, clinically determined seizure onsets were localized to electrodes in the amygdala and hippocampus. Intracranial recordings were obtained using the NeuroFax software (Nihon Kohden, Tokyo, Japan) system at a sampling frequency of 1000 Hz (0.08 Hz low cutoff, 300 Hz high cutoff) according to clinical needs and institutional regulations. Consent was acquired from patients to use their recordings for research purposes, and the study was approved by the local institutional review board.
| Electrode localization and identification of resected regions
Electrodes were implanted in subdural cortical regions or in deep regions using stereoelectroencephalography (SEEG). In both cases, preimplantation anatomical MRI scans were collected using either a 1.5-T whole-body magnetic resonance (MR) scanner (GE Medical Systems, Waukesha, WI, USA) or a 3T whole-body MR scanner (Philips Medical Systems, Bothell, WA, USA). The postimplantation computed tomography (CT) scan was then coregistered to the preimplantation anatomical MRI using AFNI software. 26 Subdural electrodes were localized using previously described methods. 27 Depth electrodes were manually localized at the center of the contact artifact in the postimplantation CT. Cortical surface models were reconstructed using FreeSurfer software (v5.1) and then visualized using SUMA. 28 The electrode locations were modeled using spheroids on the cortical surface model for visualization. Surgically resected channels were identified by coregistering postresection MRI to the preimplantation MRI and superimposing the electrodes. Whether patients underwent open resection or laser ablation, the resection region was defined by the differences in a follow-up MRI scan after the procedure. The postresection MRI was coregistered with pre-implantation MRI, to which a post- with preimplantation magnetic resonance imaging (MRI). Coronal section of preimplantation MRI with overlaid depth electrodes is depicted by black rectangles. Time traces from multiple channels are aligned to spike peak time (time 0). Example adjacency matrix of conditional probability defined as the probability of a spike happening in a channel, given that a spike happened in another channel within a 150-millisecond time bin mapped to a color map (warm = high, cool = low). The horizontal and vertical axes correspond to all channels that were recorded in a patient. Schematic of a weighted graph between all channels (nodes) with edge weights equivalent to the conditional probability. A mixed effects logistic regression models the surgically resected regions using number of spikes in a channel and weighted node degree as independent factors. Receiver operating characteristic curves show the sensitivity and specificity of the model estimate to classify the resected channels. An epileptogenic network was obtained using interictal measures. Bottom row: The direction of propagation of interictal spikes between regions was estimated using the mode latency of propagation between regions implantation CT was also coregistered. This allowed us to identify the boundary of resection and the electrodes that fell in the resection region. In patients undergoing a traditional temporal lobectomy, electrodes within the boundary of removed tissue in a T1 MRI at 6 months postresection were considered as resected. In patients undergoing laser ablation, a T2 contrast MRI (eg, Figure 2 ) obtained immediately after the ablation surgery was used. Electrodes within the ellipsoid ring of hyperintense signal were considered to be removed because previous studies observed that ablated lesions have a thin peripheral rim of enhancement in images obtained after treatment. 29, 30 Other studies have identified a good correlation between the irreversible damage zone within this ablation boundary and histological observations of necrosis. 31 The resected channels (total of 240 channels from 10 patients) were confirmed by a neuroanatomy expert. Except for electrodes in the white matter, the remaining cortical electrodes were assigned to an anatomical parcellation of the FreeSurfer 2009 or 2005 atlas for depth (SEEG) and subdural electrodes, respectively, based on their location. We used the 2009 atlas 32 for patients with depth electrodes because it is improved over the 2005 atlas by including subcortical regions and subdivisions of the cingulate, structures that can only be targeted with depth electrodes. Electrodes in deep structures were visually inspected and assigned anatomical labels. The seizure onset zone was independently localized by neurologists and neurosurgeons based on ictal intracranial recordings and resected based on clinical criteria to achieve the best outcome with minimal functional deficits.
| Interictal spike detection
Persyst software (Persyst Development Corporation, Prescott, AZ, USA) was used to approximately estimate the number of interictal discharges in each file of multiple days of continuous recording. An interictal period of 1-hour duration, when the patient exhibited interictal spikes, was selected for each patient. The frequency of spikes changes with cognition, 21 sleep or awake behavior, 33 and proximity to seizures among other factors. To control for the first 2 factors, recordings were selected when the patient was awake, not performing any cognitive tasks, and resting quietly because this represented the most common behavior during their monitoring session. To minimize the effect of seizures, interictal periods were chosen at least 4 hours away from seizures. The rate and extent of spread of spiking during sleep are dependent on the stages of sleep. 34 This makes generalization of networks obtained using spiking activity during sleep or combining sleep and awake spike networks debatable. For these reasons, we refrained from including spikes during sleep. Channels with long durations of artifacts were removed from further analyses.
In the remaining channels (total of 1450 channels from 10 patients; Figure S1 ), signals were re-referenced with an average of 5-10 white matter electrodes in patients with depth electrodes or common mode reference of 5-10 nonspiky channels in patients with subdural electrodes. The nonspiky channels were identified by visual analysis of the recording using bipolar montage. In each channel, interictal spikes were detected by custom MATLAB (MathWorks, Natick, MA, USA) algorithms using filtering and channelspecific thresholds of mean AE 4 standard deviations (SDs).
Interictal spikes usually have diminishing amplitudes in adjacent channels, and it may be ambiguous to attribute a spike to any individual channel. To overcome this problem, we assigned different weights to channels based on the relative amplitude of spikes measured from them. A high threshold (AE4 SDs of the signal in 1 hour) was imposed on all channels within a patient. Because the SD varied minimally within a probe of electrodes, almost identical thresholds were imposed on all electrodes in a probe. Spikes were therefore more likely to be consistently attributed to channels closer to the source. Additionally, number of spikes was included as a factor in the logistic regression model, thus indirectly giving higher weight to channels with higher spike amplitude compared to baseline. The time at the peak of a spike was defined as spike time, because it was consistently discernible and coincides with the largest firing rate modulation of local single neurons. 32 These identified spikes were visually confirmed, and incorrectly classified artifacts were removed. Time traces from each channel were binned into 150-millisecond time bins. Spikes occurring in multiple channels within a time bin were considered to be different spatial representations of a single interictal spike. We chose a bin size of 150 milliseconds based on a previous study that titrated this bin size and obtained good selection of simultaneous interictal spikes in multiple channels for values ranging from 100 to 250 milliseconds. 35 A spike occurring in any channel within a time bin was defined as an event.
| Graphical representation
To identify frequently coactivated regions during interictal spikes, information flow was estimated between all channels using conditional probability. Conditional probability, P(spike A |spike B ) or P(A|B), was defined as the probability that an event happened in a channel, A, given that the event happened in any other channel B within the same time bin regardless of order. A graph was constructed using all electrodes as nodes, with the edge weights equal to the conditional probability. The influence of a node in this graph was estimated by weighted node degree, or total flow, defined as the sum of weights of all edges connected to a node. We used the weighted node degree instead of node degree to include the effects of unequal edge weights.
| Mixed effects logistic regression
A mixed effects logistic regression was used to model whether electrodes were resected (which was decided solely based on clinical standards) using interictal measures. The number of spikes at each electrode and the weighted node degree were used as fixed effects factors, and patient numbers were used as random effects factor. Receiver operating characteristic (ROC) curves were used to quantify the model fit. The regression model estimate, a continuous variable, was mapped to a binary variable to match the categorical dependent variable having 2 classes (resected or nonresected electrodes). For this mapping, the model estimate was thresholded at different percentiles, ranging from 1 to 100. Subthreshold values of the model estimate were mapped to 0 (not resected), and suprathreshold values were mapped to 1 (resected). For each threshold, the sensitivity (true-positive rate) was calculated as the proportion of suprathreshold values to the total number of resected electrodes and specificity (true-negative rate) was calculated as the proportion of subthreshold values to the total number of nonresected channels. Sensitivity and specificity at each threshold were plotted as a point in the ROC curve. The area under these curves was reported for each patient as a measure of goodness of fit.
| Grouped epileptogenic connectogram
Two interictal metrics, the number of spikes and the weighted node degree, represent the influence of each node. However, to obtain any connectivity graph, a pairwise metric is required. Because total flow was obtained from conditional probability between electrode pairs, we used conditional probability as an estimate of functional connectivity between 2 regions. Individual electrodes were mapped to FreeSurfer anatomical parcellations, and the connectivity between 2 regions was obtained as the maximum of conditional probabilities of all pairs of electrodes between the 2 regions. The maximum conditional probability between all possible pairs was selected to minimize the effect of variability in interictal spike frequency between electrodes in a given region. The resulting connection strengths were normalized within each patient (by conversion to a z score). This avoided disproportional influence of a single subject's data on the group average. Values exceeding a z-score threshold of 2.0 were selected and combined across patients within each pair of electrodes. More weight was given to connections that were stronger and consistently sampled across patients, whereas connections that were not sampled in many patients were underrepresented. For example, if 2 regions were shown to be interconnected in 8 patients, the normalized (z-score converted) connection weight was summed across these 8 and divided by 10 (total population size). For a given pair, some patients may not have a connection or a suprathreshold connection, thus decreasing the average value. Hence, the resulting values have a scale (0.14-4) lesser than the threshold of 2. These values were mapped to a color map (warm = high, cool = low) and plotted as a connectogram between regions using open-source Circos software. 36 Distinct regions (or parcellations) were assigned unique colors 37, 53 and arranged based on their relative anatomic locations in the brain (Appendix, Figure 3C , Figure S2 ). To identify consistent connections across patients along with the direction of propagation, connections with values exceeding a z-score threshold of 0.5 in at least 2 patients were depicted in a weighted directed graph. Given the need to have a minimum of 2 patients, we were more liberal with the threshold. As above, the maximum conditional probability among all pairs of electrodes between 2 regions was used to depict the information flow between 2 regions. These values (exceeding 0.5) were averaged across patients within each pair to give higher weight for consistently large connections. The resulting values were normalized to 0-1 scale and represented as edge weights. The direction of information flow was determined using binned distributions of the latency of spike times between any 2 channels in 2 regions (bin size = 5 milliseconds). The mode of the latency was chosen to evaluate the most probable latency, because the distributions were skewed and had narrow peaks. If the absolute mode latency was >5 milliseconds, the direction of the interaction was assigned appropriately from one region to another. If the mode latency of propagation was within AE5 milliseconds, the interaction was considered bidirectional (or synchronous).
| RESULTS
| Comparisons between coactivated regions during interictal spikes and resected regions
The mixed effects logistic regression modeling number of spikes and total flow as independent variables revealed that both these factors were significant predictors of electrode locations that were eventually resected ( for number of spikes and total flow, respectively; P < .001). This suggests that regions consistently coactivated by interictal spikes are likely to be the seizure onset zone and surgically resected in MTLE patients. Although the independent variables were significantly correlated with each other (Spearman rho = 0.92, P < .001), multicollinearity was not found to be biasing 38, 39 the model (average tolerance = 0.56 and variance inflation factor (VIF) = 1.77; tolerance values > 0.10 and VIF values < 10 are usually considered acceptable 38, 39 ). The adjacency matrix with conditional probability values, an anatomical MR image showing the resected channels within the laser ablation in right hippocampus, and ROC curve for an example patient are shown in Figure 2 . The sensitivity and specificity of the model estimate for classifying the resected channels were illustrated with ROC curves (Figures 2D and 3A) . The area under these curves averaged 0.86 AE 0.05 (mean AE SD, min = 0.76, max = 0.93) across patients and was >0.84 in 8 of 10 patients. In 3 patients who were not completely seizure-free at 6 months postsurgery, the resection surgery spared structures to minimize functional deficits. Even when these patients were removed from the regression, both independent variables were significant (estimates: 1.78, 3.75, SEM: 0.48, 0.36 for number of spikes and total flow, respectively; P < .001). As there was a good correlation of the coactivated regions during interictal spikes and resected regions, we used the interictal measures to acquire an epileptogenic network at a group level. The clinically identified seizure onset zone was always a subset of the resected channels. Given that the effect of surgery is to disrupt a network comprising the ictal onset and spreading sites, we used the resected zone in our logistic regression. Additionally, when we modeled the seizure onset zone only (and not the entire resected/ablated volume) in the logistic regression, we still found that both the number of spikes and total flow were significant factors (estimates: 4.5137, 2.4364, SEM: 0.56, 0.60 for number of spikes and total flow, respectively; P < .0001) of seizure onset regions. 
T A B L E 2 Fixed effects of logistical regression model
| Epileptogenic network in MTLE patients
The group connectogram, averaged across both hemispheres in all 10 patients with MTLE ( Figure 3C ) revealed strong connections as estimated by coactivation during interictal spikes, which exceeded a threshold (z = 2.0). The MTLE network implicates strong connections (L, left; R, right; B, bilateral):
1. between hippocampus and amygdala (B); 2. within temporal lobe structures (B: temporal pole, parahippocampal gyrus, anterior fusiform gyrus, inferior temporal sulcus, middle temporal gyrus; L: polar plane of superior temporal gyrus, lingual sulcus, superior temporal sulcus; R: anterior transverse collateral sulcus, anterior lateral occipitotemporal sulcus, inferior temporal gyrus); 3. between hippocampus or amygdala and temporal lobe structures (B: parahippocampal gyrus; R: anterior fusiform gyrus); 4. between mesial temporal and occipital structures (L: lingual gyrus; R: posterior lingual sulcus, anterior occipital sulcus); and 5. sparse connections in the insula and parietal lobes.
As expected, regions with strong connections overlap with parcellations corresponding to the commonly resected channels in our cohort ( Figure 3B ). In our patients, the hippocampus, amygdala, and lateral temporal structures had a relatively high number of electrodes and the hippocampus, amygdala, temporal pole, parahippocampal gyrus, and middle temporal gyrus had a large number of spikes (Figure 3C heatmaps, Figure S1 ).
The directional connectogram (Figure 4 ) revealed the most prevalent connections between the hippocampus, amygdala, and parahippocampal gyrus. Interictal spikes propagated from the hippocampus to amygdala, in 4 patients on the left side, and in 6 patients on the right side, with very high probability. The next most consistent patterns were the propagation between parahippocampal gyrus and amygdala on the left side and between anterior fusiform gyrus and amygdala on the right side, exhibited in 3 patients. The remaining connections exist in at least 2 patients. The direction of flow between parahippocampal gyrus and hippocampus was variable between patients. In the left hemisphere, the hippocampus, amygdala, parahippocampal gyrus, and anterior transverse collateral sulcus had the highest node degree. In the right hemisphere, the amygdala, anterior fusiform gyrus, inferior temporal sulcus, and lateral superior temporal gyrus act as critical hubs. Ventral regions such as anterior fusiform gyrus had bidirectional connections with the hippocampus and amygdala or parahippocampal gyrus (Figure 4 ).
| DISCUSSION
We presented here a mathematically efficient method to identify the network coactivated by interictal spikes. Using these interictal measures, we were able to generate a population-level, anatomically specific representation of the irritative zone in MTLE. This network could allow us to identify (1) targets for a network-based neuromodulation strategy in MTLE, (2) patients with deviations from the "typical" MTLE network who may not benefit from resective procedures targeting medial structures, and (3) overlap between epileptogenic regions and regions associated with prominent cognitive impairments in epilepsy.
| Epileptogenic network of MTLE patients using intracranial EEG functional connectivity
Identifying the seizure onset regions in patients is critical for targeted resection and maximizing preferable surgical outcomes. In patients with favorable surgical outcome, regions initiating the interictal spikes predict the seizure onset zone, 22, 23, 40, 41 suggesting a common generator for both interictal and ictal epileptiform patterns. Thus, the interictal data obtained during presurgical evaluation of patients can be efficiently used to estimate the aberrant functional connectivity of epileptogenic networks. Multiple methods, including directed information, granger causality, adaptive directed transfer function, and partial directed coherence of both intracranial recordings during presurgical evaluation, have been used for identifying epileptogenic networks. 7 However, with the increasing number of recorded signals, these methods become computationally expensive. To overcome this, interictal recordings can be discretized to study the occurrence of epileptiform activity. Previously, such analyses 42 have reported that interictal spikes involve the same subsets of structures over time. However, consistently coactivated subsets of regions from this method were not compared with seizure onset zone. Here, we used an efficient variant of this metric and graph theoretical methods to isolate the epileptogenic region and compared them with resected regions. In a majority of patients, the coactivated regions during interictal spikes overlapped with the surgically resected regions. These results and the low computational cost suggest that this method can potentially enable real-time analyses to supplement clinical observations or assess neuromodulation strategies. The finding that number of spikes in a region covaried with the seizure susceptibility reinforces the current clinical significance of interictal spikes. Regions with high betweenness centrality, that is, neuronal hubs, 22 during seizures match the clinically identified seizure susceptible regions. 16 Our findings also extend these observations in that regions having high total flow, thereby acting as either
integrators or projectors during interictal spikes, showed maximum overlap with resected channels. This suggests that these structures can be strategically modulated during interictal periods to chronically alter the network and decrease epileptiform activity. The interictal measures were also significant factors in modeling the clinically identified seizure onset zone. Additionally, we have modeled seizure onset networks using nonlinear quantitative measures (directed information and mutual information) applied to intracranial recordings at seizure onset. 43 The seizure onset zone in MTLE is hypothesized to be distributed among the hippocampus, amygdala, entorhinal cortex, and thalamus. 44 Some studies have reported epileptogenic regions in mesial temporal lobe structures including the hippocampus and amygdala 18 and identified strong coupling between mesial structures, insula, and inferior, middle, and superior temporal gyrus. 45 Our findings of high coactivation of these temporal structures during interictal spikes lend further evidence of their epileptogenicity. The differences between the left-and right-sided connectivity could originate from a couple of sources. First, an unequal number of patients with left or right coverage in this dataset could lead to such an asymmetry. To minimize this bias, we included a relatively equal number of patients with left-and right-sided implants. Our cohort included 3 patients with bilateral, 4 patients with left-sided, and 3 patients with right-sided implants. Although the number of patients with left or right coverage was closely matched, the exact coverage is purely determined based on the individual patient's clinical need and is uncontrollable. This is reflected in Figure 3C (saturation of green heatmap). For example, hippocampus and amygdala (the most common onset zone across patients) coverage is very similar for both sides (the saturation of green lines is similar), whereas the occipital lobe has asymmetrical coverage. We had no coverage of many occipital regions in the right hemisphere (black lines in the green heatmap). Another source of hemispheric differences in the connectivity reflects actual differences in the connectivity. Other studies have suggested that functional lateralization 46 and pathology-related reorganization 47, 48 contribute to these connectivity differences.
We estimated the latency of propagation between structures based on the peak times of the interictal spikes. Latency between interictal spikes in coactivated regions is usually <100 milliseconds and cannot be estimated accurately using visual inspection. With a high sampling rate (1000 Hz) and by combining the electrode combinations within pairs of regions to get adequate samples (200-1500 spikes), we robustly identified the direction of propagation in the medial temporal lobe. The consistent flow of interictal spikes from hippocampus to amygdala in both hemispheres is supported by identical observations in animal models 49 and in vivo human studies. 23 Our finding that hippocampus leads most regions, except the parahippocampal gyrus (in 2 patients), supports the notion that the CA3/CA1 hippocampus is the initial generator of interictal spikes as has been seen in rodent models of epilepsy. 50 Previous in vitro studies with human epileptic tissue have demonstrated that epileptiform bursts are generated by a minority of subicular neurons possibly due to aberrant connections between hippocampus and subiculum. 51 Other studies have also observed that epileptiform events appear in the entorhinal cortex before hippocampus only in patients with atrophy in entorhinal cortex. 52 These mixed observations may explain the bidirectional flow between parahippocampal gyrus and hippocampus in our cohort.
| Limitations
Similar to other intracranial studies, we are limited by the number and placement of electrodes, which are determined by clinical imperatives. Although no intracranial recording can capture all potential epileptogenic regions, identifying key structures may inform the design of future neuromodulatory strategies. This project was designed as a proof of concept that interictal activity can be used to establish patient-specific epileptogenic networks. We extended the individual network findings to a group level network to highlight the consistency across individual patients' networks. Although the sample size is not large, this is a relatively homogenous population; all patients in this cohort had seizure onsets in the hippocampus and/or amygdala (Table 1) . Certainly, this method can be extended to a larger cohort as well, to create more precise and elaborate epileptogenic connectograms. Second, our metric of information flow between regions is not causal and the direction of propagation of interictal spikes is only indirectly inferred from spike latencies. Yet, the finding that hippocampus leads amygdala in exhibiting interictal spikes suggests similar latencies are likely for seizures as well. Further work will relate network metrics determined using the interictal data to those from ictal data. It is important to note that our cohort included patients in whom the interictal spikes were observed in >2 regions. Patients with focal epileptiform activity were not included, because no clear propagation of epileptiform activity could be studied. Besides, from a clinical perspective, these patients may not benefit from chronic network modulation strategies targeting distributed seizure networks compared to focal therapeutic strategies such as responsive neurostimulation or resection surgeries.
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